High power short pulse lasers are usually based on chirped pulse amplification (CPA), where a frequency chirped and temporarily stretched "seed" pulse is amplified by a broad-bandwidth solid state medium, which is usually pumped by a monochromatic "pump" laser. Here, we demonstrate the feasibility of using chirped pulse Raman amplification (CPRA) as a means of amplifying short pulses in plasma. In this scheme, a short seed pulse is amplified by a stretched and chirped pump pulse through Raman backscattering in a plasma channel. Unlike conventional CPA, each spectral component of the seed is amplified at different longitudinal positions determined by the resonance of the seed, pump and plasma wave, which excites a density echelon that acts as a "chirped" mirror and simultaneously backscatters and compresses the pump. Experimental evidence shows that it has potential as an ultra-broad bandwidth linear amplifier which dispenses with the need for large compressor gratings.
INTRODUCTION
High power ultra-short pulse lasers have become valuable tools for scientists exploring a wide range of phenomena and developing new technologies such as ultra-compact wakefield accelerators 1 and compact light sources.
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Modern high power pulsed lasers rely on chirped pulse amplification (CPA), a technique originally developed in the 1980's 3 to avoid damage to optical components. This technique involves amplifying a stretched, frequency chirped, "seed" pulse in a suitable solid state broadband amplifying medium excited by a monochromatic "pump" laser. After amplification, the seed pulse is compressed to ultra-short durations and high powers, currently up to several petawatts, 4 in a compressor consisting of dispersive optical elements. Optical parametric chirped pulse amplification (OPCPA) 5 has been proposed as a way of both increasing the bandwidth and the power of high power amplifiers. However, the maximum output power of both CPA and OPCPA amplifiers is limited to several petawatts by the maximum intensities sustainable by optical components. This limitation has led to the suggestion of using stimulated Raman back-scattering in plasma as an alternative parametric amplifying medium 6 because plasma can sustain very high fields. Raman amplification occurs when two laser beams of slightly different frequencies collide in plasma to produce a beat wave with a frequency equal to the plasma frequency, ω p = ne 2 / 0 m, where n is the plasma density, e the electron charge, 0 the permittivity of free space and m the mass of an electron. The intrinsically narrow bandwidth of the Raman instability 7 and its convective instability, 8 due to the excitation of long lived plasma waves, limits the gain bandwidth achievable in the linear regime thus reducing its usefulness as a short pulse amplifier. Linear Raman amplification, 7, 9 which precedes the non-linear stage, is susceptible to undesirable noise amplification because of its intrinsically high gain. 10, 11 To avoid these limitations, Shvets et al. [11] [12] [13] proposed taking advantage of the non-linearity of the medium at high intensities to produce soliton-like ultra-short pulses through pump-depletion or, at higher intensities, by operating in the Compton or superradiant regime where the plasma density echelon is dominated by the ponderomotive force associated with the beat wave of pump and seed. 11, 13 In this regime the gain becomes quadratic, with the intensity growing proportional with the square of the plasma density. Also the seed duration decreases as |a 1 | 1/2 , where a 1 is the normalised vector field potential amplitude of the seed pulse.
In this paper we present an experimental demonstration of efficient broadband chirped pulse Raman amplification obtained in the linear regime, which occurs when a long chirped pump pulse collides with a short counterpropagating seed pulse in a plasma column. The interaction acts as a distributed amplifier where different spectral components of the seed are amplified at different positions in the plasma through the creation of a "chirped" plasma density echelon. This behaves as a long chirped mirror which simultaneously backscatters and compresses the chirped pump pulse and effectively broadens the gain bandwidth to that of the pump. We show that the gain and the bandwidth of the amplifier depend on the plasma frequency and the chirp rate and spectral bandwidth of the pump. This contrasts with conventional CPA and OPCPA where the seed is chirped while the pump is usually monochromatic. The chirped pulse Raman amplifier (CPRA) has potential as a high fidelity ultra-short pulse high power linear amplifier or as a compressor of high energy chirped pulses from a conventional CPA amplifier, avoiding the requirement for extremely large and expensive optical elements and compressors in vast vacuum chambers. Furthermore, because CPRA is a three wave parametric interaction it provides a means of eliminating pre-pulses and pedestals which usually limit the usefulness of conventional solid state CPA amplifiers. for 800 nm radiation) -the amplitude of the seed grows exponentially as a 1 e γt , where γ is the growth rate and t is the duration of the interaction. The gain coefficient, γ, is proportional to the pump field amplitude and the fourth root of the plasma density, i.e. γ = a 0 (ω 0 ω p /2) 1/2 , 7, 9 for circularly polarised monochromatic beams, where the normalised vector potential is given by a i = eA i /mc and A i is the vector potential amplitude and c the speed of light. For low seed intensities, the energy transfer is small and pump depletion can be neglected i.e. a 0 const. Despite the significant available gain, amplification can be diminished by several concurrent phenomena such as spontaneous Raman backscattering leading to early pump depletion, Raman forward scattering, temperature increase due to inverse bremsstrahlung heating, Landau damping, particle trapping etc.. 14 Furthermore, the narrow gain bandwidth, equal to 2γ, in the linear SRS regime and a convective instability lead to temporal stretching of the seed pulse and a group velocity equal to half the speed of light. 8, 12 The nonlinear SRS 11, 13 regime begins when pump depletion becomes noticeable and depression of gain at the rear of the pulse leads to the formation of a self-similar "π" pulse growing linearly in amplitude and quadratically in intensity, I ∝ t 2 , while its temporal width τ shrinks as ∝ 1/τ , leading to pulse compression. Ultimately, when a ≥ a wb = (ω p /4ω 0 ) 3/2 (for monochromatic waves), the density modulation approaches 100% and the plasma wave breaks. 13 The SRS instability can also evolve into the Compton regime when the ponderomotive force exceeds that exerted by the plasma wave i.e. the bounce frequency, ω B = 2ω 0 √ a 0 a 1 , of plasma electrons in the ponderomotive well exceeds the plasma frequency, ω B ≥ ω p .
THEORY

Stimulated Raman scattering
11 Again, a self-similar pulse evolves with an intensity increasing quadratically with propagation distance, a scaling that is characteristic of superradiance.
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Chirped pulse Raman amplification
To avoid the disadvantages of using a monochromatic pump pulse as discussed above, we show in the following that a chirped pump pulse allows high gain to be achieved at moderate efficiencies. An important observation of our work is that the chirp of the pump restricts the effective interaction length. For monochromatic pump and seed, the gain coefficient depends on the detuning
In the case of a pump pulse with its frequency chirped at a rate α, such that ω 0 = ω The fields scattered off the plasma wave superpose coherently just behind the seed, but dephase with increasing distance from it. Consequently, both seed amplitude and spectral bandwidth grow proportional to the propagation distance, which contrasts with the continual stretching of the seed profile expected for the case of a monochromatic pump. The scattered fields effectively carry out a Fourier transform of the seed "on the fly" which leads to self-similar growth that exhibits superradiant scaling usually associated with the nonlinear Raman and Compton regimes. 17 The evolution of the seed bandwidth is limited by the overlap of the bandwidths of seed and pump, and has a maximum equal to ω p . Since saturation of the growth of the plasma wave depends on the pump intensity rather than its amplitude (as would be expected for a monochromatic pump), the same applies to the overall gain bandwidth. It should be noted that a similar dependence on chirp will also occur if we chirp the plasma density.
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Such schemes could be of great interest for the future development of a CPA Raman amplifier. Because the gain bandwidth in the linear regime is given by the spectral bandwidth of the pump beam it provides an alternative to OPCPA 5 for the generation of ultra-short, ultra-intense laser pulses with the advantage that the power is not limited by breakdown of the amplifying medium. It should also be emphasised that using a monochromatic pump and a plasma with a density gradient leads to the same result.
EXPERIMENTAL SET-UP
Several groups have investigated Raman amplification in plasma experimentally using short micro-capillaries 18 or gas jets 10 ≤ 2 mm long. For some time the main results obtained were an amplification by a factor 8 demonstrated for a plasma density of 3 × 10 20 cm −3 . Ping et al. 18, 19 observed gains of more than three orders of magnitude. However, they observed gain bandwidths, δλ/λ, less than 0.3% in the linear regime. Also, previous experiments have shown evidence of non-linear amplification 19 and synchrotron oscillations indicating Compton amplification 20 and at saturation a bandwidth increases to 2%. 21 However, these experiments showed a spiky spectra and low efficiency. Recently, an energy gain of 350 times was observed in a double-pass Raman backscattering amplifier in a 2 mm long gas jet. 22, 23 In these studies, the seed energy increased from 16 μJ to 5.6 mJ and pulse compression was observed, with the initial seed duration of 500 fs decreasing down to 50 fs. The energy transfer efficiency of this amplifier was 6.4%. While this is still far from the pump depletion regime, these latest results are very promising.
In contrast with previous experiments, we have studied efficient broad-band chirped pulse Raman amplification in the linear regime and demonstrated its viability as a high fidelity linear broad bandwidth amplifier. To achieve this a co-linear counter-propagating beam experiment in a plasma channel was set-up using the TOPS high power laser system as is schematically shown in Fig.(2) . 24 The laser system, based on the CPA technique, provides, before the final amplifier, a 350 mJ, ≈200 ps chirped beam centered at λ 0 = 800 nm at a 10 Hz repetition rate. A beam splitter splits the beam into a seed and a pump which focus on either side of a 4 cm long, 300 μm internal diameter plasma channel waveguide using F/40 spherical mirrors. The pump, containing 90% of the initial beam energy, propagates through a delay line before being focused into the capillary to allow perfect synchronization with the seed. Prior to the interaction, the seed beam is compressed down to a minimum duration of 50 fs and its spectrum down-shifted by self-phase modulation and filamentation in a 1 m long argon tube. This allows a perfect match between the frequency difference of the two beams and the plasma frequency. However, it should be noted that the bandwidths of pump and seed are sufficiently large (δλ = 33 nm maximum) for the beat wave of their respective frequency components to excite a Langmuir wave, which leads to SRS, even when pump and pulse spectra are identical. The seed energy, at the entrance of the chamber can be varied from 250 μJ to 12 mJ. However, spectral broadening due to self-phase modulation is not possible at higher energies.
The plasma waveguide, mounted on a 5-axis stage, is formed by a high voltage discharge in a H 2 filled capillary. 25, 26 The plasma cools against the capillary wall to form a parabolic radial density distribution, N (r) = N (0) + ΔN (r/r m ) 2 , 27 with an on-axis density N(0)≈ 10 18 cm −3 , and ΔN is the increase to the boundary wall at r m . This gives a value of ω p /ω 0 ≈ 2%. The laser beam couples to the fundamental mode of the waveguide provided the spot size is w M = (r m /(πr e ΔN )) 1/4 , where r e is the classical electron radius.
After interaction, 4% of the seed is split off to two diagnostic systems: an imaging system consisting of a 12 bit CCD camera with a ×4 microscope objective for imaging the beam input and output, and a spectrometer for measuring the gain as a function of wavelength. Fig.(3) illustrates the guiding properties of a 4 cm long waveguide, as recorded on the imaging system, when the matching condition is perfectly satisfied. The pump beam, of duration 200 ps, energy 180 mJ, and waist 43 μm, propagates through the plasma channel with an energy transmission > 90% on average. The output beam has the same waist size and maintains a Gaussian profile. Furthermore, no ionisation-induced blue shifting of the spectrum is observed indicating that the plasma is fully ionized. 
EXPERIMENTAL RESULTS
In the first experiment, a 18.5 nm bandwidth, 800 nm wavelength, 3 mJ, seed pulse, with a 1 ≈ 3.2 × 10 −3 , collides with a 170 ps, 220 mJ, pump pulse, with a 0 ≈ 2.4 × 10 −3 , chirped at a rate α = Δω 0 /ΔT ≈ 3.13 × 10 23 s −2 , in a 40 mm long preformed plasma waveguide channel. Here, the central wavelength of the seed pulse is not detuned from that of the pump, thus energy can be exchanged either way between pump and seed because of their large respective spectral bandwidths. Amplification of the seed signal is observed at the Stokes wavelength, while a loss is observed at the anti-Stokes wavelength, which can be controlled by varying the relative time delays between seed and pump. The seed pulse is slightly streched through the compressor to a duration of 610 fs to avoid white light generation in optical elements. The product |a 0 a 1 | is a factor 12 below the threshold for entering the Compton regime. The large gain coefficient γ = 5.65 × 10 11 rads −1 would lead to the nonlinear stage in just 1.3 mm for a monochromatic pump. However, the large chirp reduces the length over which the gain occurs to cτ ≈ 0.5 mm, thus dramatically reducing the gain. Using the exprimental parameters the predicted growth of each spectral component where resonance is achievable is e πγ 2 /2α ∼ 2, which compares well with the maximum measured intensity gain of ≈ 250% for carefully optimised pump laser as shown in Fig.(4) . For these gain measurements the seed energy was increased to 12 mJ. The efficiency of the amplifier is estimated to be 5% for the segment of the pump pulse resonant with the seed. The spectral bandwidth of the measured gain is Δλ G ≈ 11 nm, which is approximatively 60% of the pump bandwidth. This is consistent with only half of the seed spectrum in resonance with the pump spectrum.
The efficiency η(λ) is determined as a function of the wavelength by calculating the energy transferred from the pump to the seed, taking into account the difference in frequency (ω p /ω 0 ≈ 2%) imposed by the resonant condition. The gain curve G(λ) is measured by recording the seed spectra with and without the pump, I (λ) and I(λ) respectively, which enables e 2γt − 1 to be evaluated from G(λ) = (I (λ) − I(λ))/I(λ).
In a second experiment, a cut-off filter was used in place of the beam splitter to red-shift the seed spectrum with respect to the pump spectrum. The higher frequencies of the initial laser pulse are reflected by the cut-off filter to form the pump while the lower frequency part is used as the seed. Fig.(5) shows a typical pump and initial seed spectrum as well as the amplified seed spectrum and corresponding gain function.
This result is obtained for a 80 fs, 3 mJ seed interacting with a 220 mJ pump beam in a plasma channel with a density estimated to be 1.3 × 10 18 cm −3 . A peak gain of 900% is observed leading to an energy gain of 32%. The energy transfer efficiency is of the order of 3.5% for the amplified region of the spectrum in this case. It can clearly be seen that the energy gain is limited because the seed spectrum is not sufficiently down-shifted and thus the interaction is limited to only a part of the pump spectrum.
The dependence of the maximum peak gain as a function of plasma density is presented in Fig.(6) , together with theoretical predictions. The density is increased from 10 18 cm −3 to 1.6 × 10 18 cm −3 , leading to the peak gain increasing from 150% to 3000%. The numerical predictions, taking into account the chirp of the pump, show good agreement with the measurements.
Finally, the seed duration has been measured, using a single-shot autocorrelator, after amplification and compared with its initial duration. Fig.(7) presents the relative changes measured for different initial seed durations ranging from 80 fs to 1.2 ps.
For durations below 500 fs, the seed appears to be stretched, with a relative duration increasing as the initial pulse duration decreases. For shorter seed beams with a duration measured to be ∼ 80 fs, the pulse duration increases by 40%. However, for durations above 500 fs, the seed pulse is compressed by a constant compression factor of ∼ 10%. The interpretation of this result is that interaction takes place with a chirped seed pulse over only a part of its spectrum. Because the frequencies are spatially distributed, only a part of the spectrum is amplified leading to an effective compression of the seed pulse as is illustrated in Fig.(8) .
CONCLUSION
We have demonstrated that chirped pulse Raman amplification could be used to develop an efficient laser pulse amplifier with the potential of reaching the nonlinear or Compton regime. While the gain for each seed frequency is limited to e πγ 2 0 /2α , we still observe an energy gain of 32% when colliding a 80 fs, 3 mJ seed with a 170 ps, 220 mJ pump in 4 cm long plasma channel with an electron density of 1.3 × 10 18 cm −3 . The energy transfer efficiency is of the order of 3.5 -5% over a bandwidth given by the pump bandwidth. Change in pulse duration was also studied. While the seed duration increases by up to 40% for bandwidth-limited or close to bandwidth-limited pulses, for stretched seeds a compression factor of 10% is measured. This observation is not related to non-linear broadening of the spectrum bandwidth, which should occur at high intensities. In our case, this is expained by amplification of only part of the spectral frequencies with are spatially distributed due to the chirp. 
